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INTRODUCTION
Nowadays water systems are increasingly managed as integrated systems. Rainfall-runoff water, surface water, groundwater and even sewer water can all be part of an integrated water system; they all can exert influence on each other. When modelling a water system, one of the main issues of an integrated approach is how to overcome the differences in time scale between the various flows that occur in the water system. In particular, the problem of how to integrate the fast moving surface water with the slow moving groundwater needs to be solved. During the last decades a number of modelling tools have been developed that try to deal with this problem in various ways. In general, two approaches can be distinguished. The first approach is using modelling tools with an internal connection between surface water and groundwater, such as SWRRB (Arnold et al., 1993) , MIKE-SHE (Refsgaard & Storm, 1995) , WEC-C (Croton & Barry, 2001 ), InHM (VanderKwaak & Loague, 2001) , SIMGRO (Van Walsum et al., 2004) , IWFM (BayDelta Office, 2005) and MODHMS (Hydrogeologic, 2006) . The second approach is using externally connected modelling tools for surface water and for groundwater, such as SWAT-MODFLOW (Sophocleous et al., 1999) , Duflow-MicroFem (Smits & Hemker, 2004) , MODFLOW-SOBEK (TNO, 2005) , SOBEK-TRIWACO (Velstra et al., 2006) and MODFLOW-SIMGRO (Veldhuizen et al., 2006) .
The most relevant for both approaches is the technical method that connects the fast and slow water flows. Most of the connections between surface water and groundwater that are used in The Netherlands so far are explicit connections (TNO, 2005; Veldhuizen et al., 2006; Velstra et al., 2006) . In an explicit connection, the set of equations that describes the surface water system is solved for a relatively small calculation time step and the set of equations that describes the groundwater system is solved for a larger calculation time step. At the end of each larger groundwater calculation time step, aggregated surface water data and groundwater data are exchanged for the next calculation time step. LaBolle et al. (2003) showed that an explicit connection may result in instability in the solution.
More advanced are implicit connections (Smits & Hemker, 2004) . The main difference with explicit connections is that the same calculation time step is rerun after the data has been exchanged. This process is repeated until the data exchanged between two subsequent iterations no longer show a significant difference (i.e. a convergence criterion has been reached). Because of the extra reruns, implicit connections take more calculation time. Smits & Hemker (2004) connected the surface water model Duflow to the groundwater model MicroFem. The rainfall-runoff and the drainage systems in this connection are incorporated in the groundwater model, leading either to very small time steps and thus very large calculation times, or to less accuracy.
The most advanced connection is a single calculation scheme that can solve a set of equations that describes the entire water system simultaneously. However, this so-called global implicit approach leads to a practical problem. Either the calculation time step is tailored to the slowest flow component, as it is done in IWFM (Bay-Delta Office, 2005) and in InHM (Smerdon et al., 2007) , with a daily time step that results in a less accurate calculation of the surface water movement. Or the calculation time step is tailored to the fastest flow component, resulting in very long calculation times. Ivanov, for instance, uses 30 minutes as a time step size for groundwater calculations in his study on catchment hydrologic response with a fully distributed triangular irregular network model (Ivanov et al., 2004) . In spite of this, it seems justified to pose the question of whether the process descriptions for groundwater movement are suited to deal with a time step in the order of minutes. In general, the recharge and the phreatic storage capacity that are used in saturated groundwater equations are suitable for a time step in the order of magnitude of days, not of minutes.
Regarding the coupling of models, in reactive transport modelling lots of research is done on similar coupling techniques to connect water flow and reaction chemistry. Three main approaches are distinguished: global implicit, sequential iterative and sequential non-iterative. The implicit model connection described in this paper is a sequential iterative approach. The explicit model connection is a sequential non-iterative approach.
The global implicit approach is generally considered to be the most accurate, but also the most complex mathematically, and the most time and memory-consuming, even for moderate systems (Yeh & Tripathi, 1991; Steefel & MacQuarrie, 1996; Van der Lee & De Windt, 2001; Jacques et al., 2006) .
The sequential iterative approach is a method which avoids the construction and manipulation of the large matrices characteristic of the global implicit approach and which at the same time corrects the errors that may occur when using the sequential non-iterative approach (Steefel & MacQuarrie, 1996) . It can be used to build the overall model from individual models and an interface for the coupling procedure, and the approach is quite stable and ready for a massively parallel implementation (Van der Lee & De Windt, 2001) . Some disadvantages are that it may occasionally show numerically unstable behaviour depending on the problem considered (Steefel & MacQuarrie, 1996) , and the occasional need for small time steps (Van der Lee & De Windt, 2001) .
The main advantage of the sequential non-iterative approach is that existing, independent modules can be coupled together with relatively little effort. The most important disadvantage is that a splitting error is introduced, necessitating small time-step sizes for accurate results (Barry et al., 1996 (Barry et al., , 1997 Jacques et al., 2006) .
Research was started to create a proper integrated water modelling system that is based on the connection of existing water modelling tools. An important part of this research was to investigate whether external connections between fast and slow flowing water (favoured because of flexible use of time step size) needs to be explicit or implicit to obtain reliable predictions.
Two examples of modelling tools used in The Netherlands are SOBEK (WL-Delft Hydraulics, 2006) and TRIWACO (Royal Haskoning, 2006) . SOBEK is used for calculating surface water flow, sewer flow and rainfall-runoff processes, while TRIWACO is used for groundwater flow calculations. Both of these modelling tools have proven to be appropriate for their specific area of application and for their specific time scale. In view of the demand for an integrated modelling approach, connecting these modelling tools was a logical step. The research described in this article was carried out to investigate this connection. The specific modules that were used in this research are SOBEK-RR for the rainfall-runoff, SOBEK-CF for the channel flow and TRIWACOflairs for the groundwater flow. SOBEK-RR is a 1-D rainfall-runoff modelling tool. Processes in the unsaturated zone are included in SOBEK-RR with use of the concept of CAPSIM (Wesseling, 1991; Veldhuizen et al., 1998a,b) . SOBEK-CF is a 1-D channel flow modelling tool. TRIWACO-flairs is a 3-D finite element groundwater modelling tool.
In this research three connections are established:
(1) a connection between rainfall runoff and groundwater flow; (2) a connection between channel flow and groundwater flow; and (3) a connection between rainfall runoff and channel flow.
The connections 1 and 2 are both connections between a slow and a fast flowing system. These two connections have been developed for the purpose of this research. A module has been built that externally links the modelling tools SOBEK and TRIWACO, by using the output from SOBEK as input for TRIWACO and vice versa. Both connections can be treated as implicit or explicit connections. Choosing an implicit connection implies that before going on to the next time step, an iteration will be carried out between the slow-and the fast-flowing system over the time step of the slow-flowing system until the calculation has converged. Choosing an explicit connection results in calculations in which every time step is calculated only once, whether convergence is reached or not.
The connection between the two fast-flowing systems (connection 3), already present within SOBEK, is an explicit one. However, the time step used is small enough to prevent large errors in the water balance.
The connections between SOBEK and TRIWACO are tailored to these specific tools. However, the approach that is chosen for connecting these tools can also be used for connecting other numerical modelling tools that describe one of the subsystems.
MODELLING APPROACH
For each of the three connections, a different approach is used. In principle, these approaches are applicable in all kinds of hydrological circumstances. Figure 1 shows two entirely different examples for which the chosen approaches can be used. The two water systems are schematized in Fig. 1 The connection between rainfall runoff and groundwater flow occurs over the entire model area. The connection between groundwater flow and channel flow only occurs along the channels. The connection between rainfall runoff and channel flow is dependent on the characteristics of the water system. In a polder system, where one or more centralized pumps discharge excess water into the surrounding surface water, this connection often only occurs at certain points of the channel. In a brook system, the rainfall runoff can be modelled as flow from the entire area into the channel, but still occurs only along the channel. That means that, in general, the most frequently occurring connection is that between rainfall runoff and groundwater flow. Therefore the connection between rainfall runoff and groundwater flow is often the most relevant one in an integrated water system approach.
Connection between rainfall runoff and groundwater flow
A groundwater flow model describes the saturated groundwater flow in a certain area. A rainfall-runoff model describes the water system at the top of this area. A simplified rainfall-runoff model, consisting of one or more drainage systems (e.g. small canals, ditches, drains, trenches, and surface runoff), is often included in the groundwater flow model as an upper boundary condition, using the same time step size as the groundwater flow model. Figure 2 shows the general idea of how the rainfall runoff and the groundwater flow are connected in this research.
In the chosen approach, the simplified top system of the groundwater flow model is replaced by a rainfall-runoff model that uses a much smaller time step size. Figure 3 gives the calculation scheme that has been applied in this research for the connection between the rainfall runoff and the groundwater flow.
The rainfall-runoff model, in which the unsaturated zone is incorporated, calculates for each small rainfall-runoff time step, i, the percolation, the capillary rise and the drainage, as well as the phreatic storage coefficient. Based on this output, the connection module determines for the larger groundwater time step, t, the total groundwater recharge and the average phreatic storage coefficient (equations (1) and (2)). These values are used as input for the groundwater model for time step t:
in which Qr t is the groundwater recharge during time
/T]; P i is the percolation during time step i is the rainfall runoff calculation time-step number [-] ; and m is the number of rainfall runoff time steps in a single groundwater time step [-] . Furthermore,
in which m t is the average groundwater storage coefficient during time step t [-]; and m i is the groundwater storage coefficient during time
Based on the groundwater recharge and the storage coefficient from the one-dimensional (1-D) rainfall-runoff model at each point, the 3-D groundwater model calculates for each point a change in phreatic groundwater level. Multiplying the change in groundwater level by the storage coefficient results, for each point, in a change in groundwater volume. Each point in the top layer of the groundwater model is connected to surrounding points and to the underlying layer. Due to additional groundwater flow to and from the surrounding points and the underlying layer, the change in groundwater volume for each point will most likely be different from the amount of groundwater recharge. This difference is defined as net groundwater inflow:
in which Qgw t , is the net groundwater inflow during time step t [L The amount of net groundwater inflow that is determined by the connection module is passed back as seepage to the 1-D rainfall-runoff model. Based on this net groundwater inflow, the rainfall-runoff model calculates a new groundwater recharge and a new storage coefficient for the same period. The new values are passed on to the groundwater model again. The iteration process is run by the connection module. It continues until the average of the absolute values of the differences between two subsequent iterations for the complete model is smaller than the convergence criterion:
in which x rr is the current average of the absolute errors for all rainfall runoff-groundwater connections [L 3 /T]; k is the identifier of the rainfall runoff-groundwater connection point [-] ; p rr is the number of rainfall runoff-groundwater connection points [-] ; Qgw t (j) is the groundwater inflow during time step t after iteration j [L 3 /T]; and xmax rr is the convergence criterion for rainfall runoff-groundwater connection [L 3 /T]. After convergence is reached, the calculation proceeds with the next groundwater time step. The last calculated groundwater inflow of the previous time step is used as a starting value for the next time step. To prevent non-converging models from calculating endlessly, a maximum number of iterations can be defined. If this maximum number is reached before the model is converged, the results will be less accurate.
Another possible, perhaps more common, solution for connecting a top system for rainfall runoff with the groundwater underneath is an approach that uses hydraulic heads and flow resistances. In such an approach a phreatic groundwater level is calculated in the top system. This phreatic level is compared to the hydraulic head in the aquifer below the top system. The flux between the top system and the aquifer below is calculated by dividing the difference in head by the hydraulic resistance in the top system. The main disadvantage of such an approach is that small values of the hydraulic resistance of the top system can cause numerical instability in the case of an implicit approach. Explicit approaches will avoid the problem of numerical instability because they do not have to converge. However, the quality of the results in cases such as this will be questionable.
The main advantage of the approach used in this research (1-4) is that it is also applicable in cases where the hydraulic resistance of the top system is very small. (1) and (2)) and groundwater flow (GW: equation (3)).
Connection between channel flow and groundwater flow
A proper connection between channel flow and groundwater flow is easier to accomplish. Due to the fact that water exchange only occurs along the channels and that there is generally a much more constant water level in the channels, the numeric connection will be much more stable. This is also valid when the hydraulic resistance between the water in the channel and the groundwater is small. In the chosen approach, these channels are present in both the groundwater model and the channel flow model. Figure 4 shows the calculation scheme of this connection.
Based on a constant groundwater inflow, the channel flow model calculates the surface water level for each small channel flow time step, i. Based on this output, the connection module determines the average surface water level for the larger groundwater time step, t (equation (5)). This value is used as input by the groundwater model for time step t:
in which Hcf t is the average surface water level during time step t [L]. The average surface water level is passed on to the groundwater model. Based on these surface water levels and a given hydraulic resistance against water flow through the channel bottom, the groundwater model calculates the water exchange over the channel bottom:
in which Qgwbot t is the groundwater inflow through the channel bottom during time step t [L 3 /T]; Abot t is the area of the channel bottom [L 2 ]; Hgw t is the groundwater level during time step t [L]; and Cbot t is the hydraulic resistance against water flow through the channel bottom during time step t [T].
The hydraulic resistance of the channel bottom can vary per time step, because in a model this resistance is defined as an average resistance of the wet perimeter of the channel. In a model it may therefore depend on the water level in the channel. Moreover, in TRIWACO the resistance for groundwater inflow can be given a value different from the resistance for groundwater outflow.
The amount of groundwater inflow through the channel bottom that is determined by the connection module is passed back to the channel flow model. Based on this groundwater inflow, the channel flow model calculates a new surface water level for the same period. The new value is passed on to the groundwater model again. The iteration process is run by the connection module. It continues until the average of the absolute values of the differences between two subsequent iterations for the complete model is smaller than the convergence criterion:
in which x cf is the current average of the absolute errors for all channel flow-groundwater connections [L 3 /T]; Qgwbot t (j) is the groundwater inflow during time step t after iteration j [L 3 /T]; xmax cf is the convergence criterion for channel flow-groundwater connection [L 3 /T]; k is the identifier of the channel flow-groundwater connection point [-] ; and p cf is the number of channel flow-groundwater connection points [-] .
After convergence is reached, the connected models proceed with the next groundwater time step. The last calculated groundwater inflow of the previous time step is used as a starting value for the next time step.
Despite simultaneous execution, the iteration between channel flow and groundwater flow is a different iteration than the iteration between rainfall runoff and groundwater flow. Therefore, the iteration between channel flow and groundwater flow requires its own convergence criterion. It seems logical to select a convergence criterion for the iteration between channel flow and groundwater flow that will result in an error in the water balance of the same order of magnitude as the convergence criterion that is used for the iteration rainfall runoff and groundwater flow. (5)) and groundwater flow (GW: equation (6)).
Connection between rainfall runoff and channel flow
For the connection between rainfall runoff and channel flow, an existing connection is used. This connection is already part of the program SOBEK. This connection is the only connection in this research without iteration. However, the error due to this explicit connection is negligible compared to the errors between the other two connections. This relatively small error is caused by: the fact that the exchange of water only occurs on a limited amount of points; that, in general, the surface water level does not change much; and that the size of the time step is small. Moreover, the size of the calculation time step that is used in this research in the channel flow model is chosen to be the same as the size of the calculation time step used in the rainfall-runoff model. The channel flow model, however, will automatically reduce the size of the calculation time step if this is required by the calculation scheme. The Delft-Scheme (Roberson et al., 1988) that is used in the SOBEK-CF-module to solve the water flow equations has a maximum time step that guarantees a solution. When this maximum time step is smaller than the time step specified by the user, the built-in time step estimation tries to set the time step as close as possible to this maximum time step. In general, this occurs in situations where the calculated flow velocity in the channels becomes so high that the water passes more than one calculation point in a single time step. Figure 5 gives the calculation scheme of the connection between rainfall runoff and channel flow. Based on the surface water level at the end of the previous time step, the rainfall-runoff model calculates the discharge to the surface water for each time step. This discharge consists of surface runoff and drainage (equation (8)). The groundwater inflow through the bottom of the channel that is used in the channelflow-groundwater-flow exchange is not included in this drainage. The rainfall runoff discharge is used as input by the channel flow model for time step i: [-] .
The rainfall runoff discharge is passed on to the channel flow model. Based on this discharge, the channel flow model calculates a new surface water level at the end of that time step (Hcf i ).
The surface water level is passed to the rainfallrunoff model. Using this surface water level, the rainfall-runoff model calculates the discharge for the next period. That is then passed on to the channel flow model again.
TEST CASE
For a proper test of the described flow connections, a genuine hydrological situation was simulated. The goal of this test was solely to show the impact of implicit vs explicit connections between fast-and slow-flowing components of the water system. Comparison of the model results with measured data is not important in this research. Therefore, the models were only roughly validated, and not calibrated down to the last detail.
General description
The test area is a part of the Huewelerbach basin in Luxembourg. Figure 6 gives an overview of the test area and the discretisation of the numerical models that were used.
The test area stretches along the flow direction of the brook that flows between two hills. It covers approximately 77 000 m 2 and has an average width of about 130 m. The total length of the brook, including the upstream bifurcation, is approx. 950 m. In this area the Huewelerbach is a small brook that flows through a valley and has a thin aquifer that consists of alluvial material with a permeability of about 0.5 m/d (de Wit, 2004) . The base of the aquifer is formed by a mixture of sandstone and marls. For the purpose of this research, this layer is assumed to be impermeable. The stream bed of the brook varies between one and half a metre below the bank level. The average water depth of the brook is roughly 10 cm. The data of the upstream surface water inflow are gathered from two stream gauges. Both are equipped with V-notches that have a rather high level of inaccuracy. Figure 7 gives an overview of the hydrogeological schematization. The catchment area of the modelled part of the brook exceeds the model area by approx. 186 000 m 2 . The precipitation excess from this area will probably flow over the base to the model area through the thin layer of soil on top of this base. To cope with this complex phenomenon simply, a constant groundwater boundary inflow is assumed in the model. The quantity of this inflow is estimated by taking the average precipitation excess from the areas that discharge directly to the alluvium. This surplus is equally divided over the boundary of the groundwater model at a constant rate of 121 m 3 /d for the total model boundary length (approx. 1700 m).
The rainfall-runoff model and the groundwater flow model are connected at 281 locations. The groundwater flow model is connected to the channel flow model at 42 locations. Groundwater from the other 239 locations of the groundwater model can only flow into the channel through these 42 directly connected groundwater locations. All 281 locations of the rainfall-runoff model are directly connected to the channel flow model at 42 locations. These connections are based on the slope in surface level. The travel time of the runoff water to the channel is taken into account in the so called drainage resistance of the rainfallrunoff model.
Drainage resistance is a typical Dutch term. In a model, similar surface waters (1-D lines) are often combined to a drainage system (2-D area) with a certain drainage level and a drainage resistance. When the groundwater level is higher than the drainage level, groundwater will flow to the drainage system. The groundwater flow has to overcome a certain resistance before reaching the drainage system. This resistance depends on the permeability of the soil, the thickness of the layer and the distance between the ditches. More than one drainage system can occur, e.g. in an area with ditches, drains, trenches and surface level.
The test period depended on the availability of relevant data at the time of the research. The period 1 April-23 December 2003 was selected. Figure 8 gives an overview of the meteorological data during this period. The precipitation data were collected every 15 min, using a local rain gauge. The evaporation data were estimated from the data that were collected at the weather station at Luxembourg Airport that is situated about 30 km from the test location. Figure 8 shows that the test period was a dry period. The total potential evaporation in this period exceeds the total precipitation by approx. 150 mm. For this period, two series of calculations were carried out: a calculation with an implicit connection between the fast and slow flowing water components, and a calculation with an explicit connection from the same components.
The data exchange between the two fast components rainfall runoff and channel flow takes place every 15 min. The data exchange with the slow component, the groundwater flow, is on a daily basis. The 15-min data exchange is an explicit exchange in both calculations. Table 1 shows the convergence criteria for the implicit calculations. In an explicit approach convergence criteria are not relevant, as this connection only computes one calculation per time step.
The convergence criteria are selected based on the experience and expert judgement of the modeller. Considerations that led to these criteria are: Iteration only stops if both convergence criteria are reached. This implies that the first connection that reaches the convergence criterion will carry on iterating until the second connection also reaches its convergence criterion. In the case described above this only led to a smaller iteration error for the first connection. Figure 9 (a)-(e) shows the calculated time series of the groundwater levels for locations 1-5 on the crosssection of Fig. 7 . Figure. 9(f) does the same for the average groundwater level for the entire model area. Location 1 is at the brook; locations 3 and 4 are on the left side of the brook; locations 2 and 5 are to the right; and Location 5 is at the model boundary. The solid lines give the results of the implicit calculated time series; the dotted lines the results of the explicit calculations; and the nearly straight lines with the small dots show the calculated time series of the brook water level at Location 1. The initial groundwater levels of both implicit and explicit calculations are exactly the same. The initial levels are derived from a steady-state calculation with a small precipitation excess (a typical situation after an average winter season). The initial groundwater levels fit into the general picture of some locally measured values. In order not to lead the discussion away from the focus of this research, a comparison of results to measured values is limited in this paper to the general trend in groundwater level between 19 May and 22 December. The two dots in Fig. 9(f) indicate the average of 22 measured values on these dates; between these two dates not all 22 locations were measured.
RESULTS
All results show a clear and increasing difference (up to 0.50-0.75 m) between groundwater levels calculated in the implicit and the explicit calculations. In the valley, the implicitly calculated groundwater level reacts faster and shows more fluctuation during a period with much rain (such as in the middle of May). This difference is negligible further uphill. According to the implicit calculations from the end of May, the brook at Location 1 will lose water to the groundwater. According to the explicit calculations, the brook will drain groundwater at this location during the entire calculation period. Finally, in spite of an evaporation excess, the explicitly calculated groundwater levels are higher than the levels at the start of the calculation period. The trend in average measured values between 19 May and 22 December indicates an average drop of the groundwater level over this period of 20 cm. The implicitly calculated average groundwater level drops 21 cm over this period, while the explicitly calculated groundwater level rises 26 cm. Considering this, the implicit calculations seem to result in more plausible groundwater levels. The calculated differences in groundwater level correspond to the calculated differences in groundwater recharge and in groundwater storage coefficient. Figure 10 shows these differences for the entire model area. For this case, the implicit calculation results in a lower average groundwater recharge ( Fig. 10(a) ) and in a higher average groundwater storage coefficient (Fig. 10(b) ). Lower groundwater recharge results in lower groundwater levels. Lower groundwater levels correlate with higher groundwater storage coefficients. In wet periods, however, in the peaks in Fig. 10(a) , the implicitly calculated groundwater recharge is higher than the explicitly calculated one. This is due to the calculated large increase of the net groundwater inflow (equation (3)). In the implicit approach, the change in groundwater inflow is included in the current groundwater calculation time step, while in the explicit approach, the change in groundwater inflow is passed on to the next groundwater calculation time step. Figure 11 shows the calculated fluxes for the entire model area. The area discharge is subdivided into surface runoff, groundwater drainage and riverbed inflow. In accordance with the lower groundwater level, the implicit calculation ( Fig. 11(a) ) results in a lower riverbed inflow and a higher groundwater drainage than the explicit calculation ( Fig. 11(b) ). The groundwater level in this case is always below surface level. The surface runoff is therefore assumed to only be dependent on the infiltration capacity of the soil. As a result of this assumption, the implicitly calculated surface runoff is equal to the explicitly calculated surface runoff.
The implicitly calculated area discharge at the end of the test period (32 079 m 3 ) is almost 3500 m 3 higher than the explicit calculated area discharge (28 597 m 3 ). This is more than 10% of the total area discharge. This difference can be broken down into a higher evaporation (875 m 3 ) and a higher groundwater storage (2256 m 3 ) in the explicit calculations. The remaining difference (351 m 3 ) is caused by water balance errors in the implicit calculations. The higher values of evaporation and groundwater storage are caused by the larger gaps in the water balances per time step that occur in the explicit calculations. The gaps in the water balances per time step in the explicit calculations are actually the convergence errors after the first calculation of that time step. In the explicit calculations the gaps in the water balance per time step (the convergence errors) are transferred to the next time step, so no water is lost or gained. In the implicit calculations the final convergence errors of each time step result in small errors in the water balance. Figure 12 gives an overview of the convergence errors of both calculations. Figure 12(a) shows the error for each calculation time step. Figure 12(b) shows the accumulated convergence error of the entire calculation period. The dots in Fig. 12(a) show the number of iterations that were necessary in the implicit approach to reach both convergence criteria for each time step.
The convergence error in Fig. 12 is defined as:
in which x tot is the total convergence error for the current calculation time step (m 3 /d); A m is the model area (m 2 ); p cf is the number of channel flow-groundwater connection points [-] ; x rr is the current error for rainfall runoff-groundwater connection (equation (4)) (mm/d); and x cf is the current error for channel flowgroundwater connection (equation (7)) (m 3 /d). The differences between the implicit and the explicit calculation are obvious. Comparing Fig. 12(a) to the rainfall in Fig. 8 shows that the higher values of the convergence errors in the explicit calculation coincide with the rainy periods. Changes in model input are the largest over these periods. It takes a larger number of calculations for the connected models to cope with these changes. In the implicit approach, this results in a larger number of iterations during such a period. The average number of iterations in the implicit approach is 2.72. This factor is a little higher than the difference in calculation time between the implicit and the explicit approach. Table 2 gives an overview of the statistics of the convergence error for both calculation methods. The total convergence is divided into the convergence error of the rainfall runoff-groundwater flow exchange (RR-GW) and the convergence error of the surface water-groundwater flow exchange (CF-GW). For all convergence errors, the daily averages, the minimum and the maximum values are given. In the last column of the table, the accumulated convergence errors are given. To better evaluate the convergence errors, the convergence criteria are also included in this table. Although both convergence criteria are approximately the same size, Table 2 clearly shows that the convergence criterion for rainfall runoff-groundwater flow exchange is normative for stopping the iteration. Since the iteration only stops when both criteria are reached, the resulting convergence errors for the surface watergroundwater flow exchange are smaller than the convergence errors for the rainfall runoff-groundwater flow exchange.
Table 2 also shows that in the implicit approach, both convergence criteria are met during the entire calculation period. In the explicit approach, both convergence criteria are only met at the end of periods with a rather constant precipitation excess. This results in a far smaller accumulated convergence error for the implicit approach.
The accumulated convergence error in the implicit calculations (644 m 3 ) is of the same order as, but larger than, the water balance error of the implicit calculations (351 m 3 ). Similarly the difference in accumulated convergence errors between the implicit and the explicit approach (5226 m 3 ) is of the same order with, but larger than, the calculated difference in the area discharge between the implicit and the explicit approach (3482 m 3 ). Both can be explained by the fact that the convergence errors are absolute values, i.e. always positive. Differences in water volumes can both be positive and negative. 
CONCLUSIONS AND DISCUSSION
(1) An explicit approach of connecting fast and slow water flows can result in unreliable fluxes and water levels. LaBolle et al. (2003) showed that an explicit connection between surface water and groundwater (with a monthly time step) can result in unstable solutions. Likewise, in reactive transport modelling it was concluded that an iterative coupling procedure is considered to be essential for accurate calculations for nonlinear systems (Yeh & Tripathi, 1991; Simunek & Suarez, 1994; Steefel & MacQuarrie, 1996; Van der Lee & De Windt, 2001; Carrayrou et al., 2004; Jacques et al., 2006) .
In line with this, the results above show that in the explicit approach, during a (daily) calculation time step significant differences can occur in the calculation results of that particular time step. Large changes in input conditions between two consecutive time steps, for instance in precipitation, can result in relevant changes in groundwater inflow at the end of a calculation time step (equations (3) and (6)). The groundwater inflow that is based on the conditions of the previous time step is used in the current time step, while the groundwater inflow based on the changed conditions will not be used until the next time step. This will result in large convergence errors for the current time step (equations (4) and (7)), indicating possible large errors in both water levels and water fluxes of the current time step. The resulting water balance error over the entire calculation period, consisting of many time steps, will be negligibly small because actually no water is lost or gained. However, frequently changing conditions can cause the model to diverge into unreliable results.
(2) The implicit approach will cause a larger water balance error than the explicit approach. Unlike in the explicit approach, in the implicit approach the calculated groundwater inflow of the current time step is used only as a starting condition for the next time step. During the iteration of the next time step, the starting condition is replaced by the latest calculated groundwater inflow of every next iteration until the convergence criteria are met. This will result in the loss or gain of a small amount of water for every time step that does not converge within a single iteration. This small amount of water is less or equal to the sum of the convergence errors of that time step. That means that in the implicit approach, during every calculation time step, small errors will occur in the water balance of that particular time step. These errors will accumulate over the entire calculation period. (3) The explicit approach takes less calculation time than the implicit approach. In the implicit approach, every additional iteration causes the models to calculate the same time step again. However, the extra calculation time is less than proportional to the number of extra iterations, because the closer they are to the convergence criterion, the less calculation time the models require. In addition, the calculations of a time step in the explicit approach often take a little more time than the first iteration of the implicit approach because the implicit approach starts from a situation that is closer to the calculation solution of that time step than the starting situation of the explicit approach. (4) Reduction of the size of the time step is no real solution for solving the problems of the explicit approach. If the calculation time step can be reduced to such a small size that iterations are hardly or not required, and the explicit approach will give the same result as the implicit approach, an implicit approach would not be necessary. However, the convergence criteria for the implicit approach should also be chosen to be proportionally smaller in that case. That means that iterations might still be necessary. Especially during large input changes from one stress period to another, this iteration demand is most likely to occur.
Although it is generally assumed that sufficient small time steps will reduce the error to an acceptably low value, Yeh & Tripathi (1991) demonstrated that iterative improvement is of critical importance for the accuracy of the model. Jacques et al. (2006) concluded that contrary to the global-implicit approach finer spatial discretizations do not always lead to smaller numerical errors.
Even if an explicit approach with a smaller time step will generate the same results as an implicit approach with a larger time step, the benefit of the smaller calculation time of the explicit approach will disappear. Steefel & MacQuarrie (1996) concluded that reducing the error in the sequential non-iterative approach (the explicit approach) to the level of the sequential iterative scheme (the implicit approach) would require more calculation time than the sequential iterative approach does.
The process descriptions of most groundwater modelling tools are tailored to be used for larger time steps (days or more). Thorough investigation is required before using these groundwater modelling tools for much smaller time steps.
